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ABSTRACT

With a predicted record-high heat of formation, energy density, and outstanding performance as a rocket propellant,
dinitroacetylene stretches the imagination for what is possible in terms of organic chemical explosives and monopropellants.

In this study, we employ quantum chemical methods to predict its thermodynamic properties, ionization potential, electron

affinity, ultraviolet-visible spectra, nuclear magnetic resonance, and vibrational spectra, and to investigate proposed decomposition

mechanisms. While unimolecular decomposition pathways are predicted to have high activation energies, nitrogen oxide radical

species—commonly present in reaction mixtures of energetic materials—are found to significantly catalyze the decomposition of

dinitroacetylene. This catalytic effect may explain previous unsuccessful synthesis attempts. A frontier orbital analysis suggests
that partial reduction could increase the C—N bond order, offering a strategy to stabilize this elusive high-energy-density material.

1 | Introduction

In this work, we computationally evaluate dinitroacetylene (1)
as a possible future high-energy density material (HEDM).
Development [1] of improved HEDMs is a challenging task
motivated by both a military and civilian need for explosives and
propellants and growing environmental concerns [2]. Industry
workhorses such as the secondary explosive RDX, and the
oxidizer ammonium perchlorate are associated with detrimental
environmental persistence and significant toxicity. The develop-
ment of new energetic materials is challenging in part due to
the need for a higher energy content, which typically results in
lower kinetic stability. This delicate balance has historically led to
diminishing returns [3]. Figure 1 shows a selection of state-of-the-
art explosives and more recent HEDMs, alongside one important
metric for their energy content, the energy density, that is, energy
released upon self-combustion.

While the design of energetic materials is a complex multifaceted
process, the energy density represents a particularly important
parameter that can be optimized for. Small-molecule monopro-
pellants are particularly good examples of extremes in energetic

content [4]. One inspiration for our work is nitryl cyanide
(NCNO,)[1m], a material that, despite being kinetically persistent
at ambient conditions, carries an estimated energy density of
2 kcal/g. Assuch, NCNO, is an ultra-high energy density material,
outclassing even the infamously sensitive hydrogen azide (ca.
1.6 kcal/g) [5]. Nitryl cyanide reaches close to the theoretical limit
of energy density for a single-component carbon-based energetic
material because it is designed to carry a perfect oxygen balance.
In other words, its stoichiometry, in principle, allows for complete
decomposition into CO, and N,.

Dinitroacetylene (1), the conceptual product of double nitration
of acetylene, is one of the few hypothetical molecules that could
potentially exceed the energy density of nitryl cyanide. Like
NCNO,, dinitroacetylene is also perfectly oxygen-balanced—its
complete decomposition creates two equivalents of CO,. Early
work by Shechter et al. predicted a high positive heat of formation
of 89 kcal/mol (HF/6-31G*) for 1 [6]. As we shall see, this value is
in fair agreement with our revised estimates.

Nitroacetylene (2) and some of its derivatives O,N—CC—R (R
= trimethylsilyl, tert-butyl, iodo, etc.) have been synthesized
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FIGURE 1 | Energy density of selected energetic materials in their
standard state in kcal/g. TNT = trinitrotoluene; HMX = octogen or
1,3,5,7-tetranitro-1,3,5,7-tetrazocine; RDX = hexogen or 1,3,5-trinitro-1,3,5-
triazinane; Cl-20 = hexanitrohexaazaisowurtzitane. Energy densities are
based on idealized reactions, see ESI for further details.

and isolated [7]. A review detailing the challenges (and many
failures) of the synthesis of nitroacetylenes and 1 has been
published by Vollhard et al. [7]. Such attempts include dehydro-
halogenation reactions on 1,2-dinitroethylene derivatives, reverse
cycloadditions of acetylenedicarboxylate with 2,5-dibromo-3,4-
dinitrothiophene followed by pyrolysis [8], and various nitra-
tion conditions on acetylene derivatives. Examples of the lat-
ter include introducing acetylene gas to fuming nitric acid
[7], and reactions between various nitrating agents, such as
NO,BF, and N,O,, and phenylacetylides. These same nitrat-
ing agents and reaction conditions have also been applied to
nitro(trimethylsilyl)acetylene without success, as mild conditions
did not yield any conversion, while harsher conditions directly led
to decomposition products [7].

The elusiveness of 1 has motivated several computational studies
on the reactivity and decomposition mechanisms of 1. Alster et al.
noted that because the thermal decomposition of nitromethane
occurs via a nitrite intermediate, the decomposition of 1 might
happen via its nitrite isomer [9]. They predicted a three-
membered ring intramolecular isomerization mechanism with
a corresponding activation enthalpy of 20 kcal/mol using the
semi-empirical MINDO/3 method [7, 9, 10]. The nitrite isomer is
subsequently presumed to undergo thermolysis to generate NO
or NO, radicals [7]. Until present, this mechanism has been the
best explanation for the instability of 1.

Politzer and co-workers have used HF/6-31G level of theory
calculations to predict that the two NO, groups of 1 are oriented
perpendicular to one another with the planar structure being
disfavored by 0.8 kcal/mol [6, 11]. Estimates of the electrostatic
surface potential have also showed 1 to be highly electron-
deficient and therefore insensitive to electrophilic attack [11].
Jursic have used B3LYP/6-31G(d)//AM1 calculations to predict
that 1 can react with furan via a cycloaddition reaction that is
thermodynamically favorable with an activation barrier of ca.
8 kcal/mol [12]. Wiener and co-workers predicted the possibility
for highly exergonic formation of octanitrocubane from 1 through
a series of cyclooligomerization steps at the B3P86/6-31G** level
[13]. These predictions have shown that 1 is not only a poten-
tial energetic material but also a powerful synthon for other
intriguing energetic molecules.

A) : \1.220 1.405
1.197

B)

LUMO (CC 1*)

# 41

HOMO (CC )

FIGURE 2 | (A) Geometry of 1 predicted at the B3LYP/6-311G(d,p)
level of theory. (B) Highest occupied molecular orbital (HOMO) and the
lowest occupied molecular orbital (LUMO) orbitals of 1, where both are
of E symmetry and represent a degenerate pair.

Computational method accuracy has developed substantially
since these earlier predictions on 1 and its properties [6, 9, 11-13].
In what follows, we outline revised thermodynamic and kinetic
stability estimates of 1, and we propose plausible decomposition
pathways alongside strategies for its detection and stabilization.

2 | Results and Discussion

2.1 | Structure of Dinitroacetylene and a Strategy
for Its Stabilization

Figure 2A shows our predicted structure of 1 in the gas phase.
The molecule is D,4-symmetric with one nitro group twisted
by 90°. The reason for the twisted structure is not sterics, but
electronics. Prior work has suggested that this configuration is
adopted because it permits the NO, group to conjugate with one
of the 7-bonds of the carbon-carbon triple bond, producing an
additional stabilization of the system [6, 11].

The electronic structure of 1 is noteworthy because both its
highest occupied molecular orbital (HOMO) and the lowest
occupied molecular orbital (LUMO) are of the same symmetry,
E (Figure 2B). The E-representation (which is doubly degen-
erate) of the D,y point group allows significant mixing of the
frontier orbitals. One way to rationalize this unique electronic
structure is by the combination of a CC 7/7* fragment with two
symmetry-adapted NO, 7r/7* fragment orbitals (not shown).

The resulting HOMO orbital(s) shown in Figure 2 correspond to
two central CC 7-bonds, each twisted by 90° relative to two sets
of N—O 7m-bonds, which in turn are turned 90° with respect to
each other. Conversely, the two degenerate lowest unoccupied
molecular orbitals (LUMO) each correspond to two C—N 7-
bonding interactions, one set on each side of the molecule, and
a C—C anti-bonding interaction.
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Because C—N bonds are often the weakest link (trigger bond)
of nitro compounds, the orbital topology of 1 suggests to us
a possible route to its stabilization. Reduction of 1, that is,
occupation or partial occupation of the LUMO should strengthen
the molecule’s weakest link, at the cost of weakening its strongest.
We will return to discuss the evaluation of this hypothesis after
discussing the inherent energy density and reactivity of 1.

2.2 | The Energy Content of Dinitroacetylene

We have used a topological analysis of the electrostatic
surface potential (see the methods section) to estimate
enthalpies of vaporization and sublimation, AH,,,~ 8.3 and
AHg,~ 11.8 kcal/mol. From these values, we can infer that 1 is
likely a gas, possibly a volatile liquid, at ambient conditions. We
make this inference by comparison to the structurally related
molecule NCNO,, which has an experimentally determined
AH,,, of 6.8 + 0.2 kcal/mol, and an extrapolated boiling point
of 7°C.[Im] Our computational approach is also validated by
comparison to NCNO,, whose predicted value for AH,,, is
6.7 kcal/mol, only 0.1 kcal/mol different from experiment.

Our best estimate of the heat of formation of 1 in the gas phase,
AH;i(Lgas) is 85.0 + 2 kcal/mol. This value was estimated from the
most recent AH ‘; — NIST data (NIST = National Institute of Stan-
dards and Technology) for CO, (—94.1 kcal/mol) [14], combined
with a CBS-QB3 (extrapolated CCSD(T), see methods section)

reaction enthalpy for [Equation (1)] of AH; =-273.2 kcal/mol:

AH?
1 = 2C0,(—94.1) + N,(0.0) )

Our estimate for AH;’.(1 aas) 1S considerably more reliable compared
to previous estimates at the Hartree-Fock level of theory [7],
which range between 89 and 52 kcal/mol [6, 15].

The heat of formation of 1in its liquid state can be estimated from
our calculation of AH,,, as AH;(Lliqui 9= 85.0-8.3=76.7 kcal/mol.
Such a high enthalpy of formation is, to our knowledge, unprece-
dented for small molecules. Not only does it far exceed that
of known monopropellants and conventional explosives (Table
S1), but it also largely explains why 1 has eluded successful
synthesis. Our calculated energy for complete decomposition
of 1 corresponds to an energy density of 2.28 kcal/g in the
condensed phase, which surpasses even nitryl cyanide, arguably
the most energetic molecule still kinetically persistent at ambient
conditions (Figure 1)[1m].

In terms of rocket propellant performance, the energy content we
predict for 1 corresponds to a specific impulse of 354 s. This is
an exceedingly high value for a monopropellant, where relevant
comparisons are 343 s (predicted) for nitryl cyanide and 239 s
(predicted) for a state-of-the-art hydrazine propellant.

2.3 | Unimolecular Decomposition of 1
Figure 3 summarizes studied pathways for the unimolecular

decomposition of 1, both in the gas phase and from a model
accounting for solvation effects by acetonitrile. Our prediction

for the homolytic dissociation enthalpy of the C—N bond is
~80 kcal/mol, nearly independent of the environment, a value
sufficiently large to preclude such a process as a realistic
decomposition pathway at ambient conditions. Note that we use
relative enthalpies as our estimate of all dissociation barriers
and not the relative free Gibbs energy. We do so because the
entropic gain associated with an increased number of rotational
and translational degrees of freedom upon dissociation is only
fully realized after the bond is broken. The relative enthalpy of
the separated fragments therefore represents an upper estimate
of the real Gibbs free energy barrier [16]. Heterolytic bond
dissociation is, as expected, considerably less feasible in the gas
phase. However, dissociation of NO," becomes comparable to
the homolytic route in solution, with an enthalpy cost of ca.
76 kcal/mol.

Nitro (—NO,) < nitrite (—ONO) isomerization into nitroethynyl
nitrite (3) or ethyne-1,2-diyl dinitrite (4) is calculated as more
plausible routes to unimolecular decomposition of 1. Our barrier
estimates for the first (into 3) and second isomerization (into 4)
are, in solution: 49.7 kcal/mol and 59.1 kcal/mol, respectively.
These values are in stark contrast to the 20 kcal/mol value
predicted in 1984 by Alster et al. [7, 9]. We attribute the large
difference to the lower semi-empirical level of theory in the earlier
work. As reference, we remind here that for a first-order reaction
to proceed at meaningful time scales near ambient conditions,
its barrier needs to be below ca. 30 kcal/mol. In other words,
our predicted barrier height shows conclusively that 1 cannot
decompose through TS1 and TS2 near ambient conditions but
can do so at higher temperatures.

While 3 has a planar geometry, 4 carries its nitrite groups at a
dihedral angle of ca. 93° in the gas phase. As shown in Figure
3, 3 and 4 are both weakly associated complexes of significantly
(~15 kcal/mol) lower energy than 1. This is in stark contrast with
the usual nitro/nitrite ordering, which finds nitroalkanes usually
more stable than their nitroalkanes counterparts. While 3 can
be thought of as two weakly bound O,NCCO and NO radicals,
4 is a complex between O=C=C=0 (a triplet ground state) and
two NO radicals. These complexes are both higher in energy than
their fully dissociated states. The dissociation of NO fragments
from 3 and 4 is nearly barrierless and spontaneous: we estimate
the bond dissociation Gibbs free energy of 3 to —9.5 kcal/mol,
while for 4, dissociation into two NO molecules and O=C=C=0is
thermodynamically downhill by —38.5 kcal/mol in the gas phase
(the values are not much different in solution, c.f., Figure 3).
Further dissociation of O=C=C=0 into two CO molecules can
proceed following cross-over to the close-lying singlet state [17].
The kinetic instability of the nitrito-isomers is again in stark
contrast with nitritoalkanes, many of which are commercially
available, like amyl nitrite. However, for such isomers to offer a
potential explanation to the elusiveness of 1, their formation must
proceed through a different route than TS1.

2.4 | Decomposition of 1 via Nitrogen
Oxide-Catalysis

The most likely route to the decomposition of 1 that we have
identified involves catalysis by nitrogen oxide (NO,) radical
species (Figure 4), which are frequently found as side-products in
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reaction mixtures related to energetic materials. We predict NO,-
mediated nitro-nitrite isomerization to be highly accessible, with
a Gibbs free energy barrier of 24.3 kcal/mol in solution (Figure 4).
Because we have established that the resulting nitrite isomer 3
can rapidly decompose (c.f., Figure 3), this overall mechanism can
allow rapid and complete decomposition of 1 well below room
temperature.

NO is also able to react with 1 over an estimated Gibbs free energy
barrier of only 17.8 kcal/mol in solution. The formation of the
resulting intermediate 1-nitro-2-nitrosoacetylene (5) is, however,
thermodynamically unfavorable by 10 kcal/mol. Compound 5
has rather strong C—N bonds and is likely to be more kinetically
persistent than 3 and 4. However, the reaction of 5 with NO, is
nonetheless predicted to be nearly accessible at ambient condi-
tions, with a Gibbs free energy barrier of ca. 32.1 kcal/mol, and
exergonic by ca. 30 kcal/mol in solution. We can speculate that
also other radical species are likely able to act as decomposition
catalysts of 1.

2.5 | Detection Characteristics

Due to its propensity for NO,-catalyzed decomposition, any
observation of 1 is likely to be done spectroscopically at low
temperatures. To aid such efforts, we have predicted the vibra-
tional spectrum of 1 (see Table S2) and its N chemical shift (&
= —96.6 ppm with respect to nitromethane). We also note that
despite the same symmetry (E) of the frontier orbitals, electronic
transitions between them are allowed under the symmetry
selection rules of the D,y point group. However, allowed in
principle need not mean allowed in practice. An equation-of-
motion coupled cluster calculation predicts the first excited states
to be a degenerate set of triplets (of B, and B, symmetry) 3.44 eV
(360 nm) above the ground state, which, alongside the third and
fourth lowest excited state, is inaccessible due to spin symmetry.
What is more surprising is that transitions into the manifold of
lowest-lying singlet states similarly all correspond to zero (or very
near zero) oscillator strengths. We attribute this prediction to
a plentitude of oppositely polarized degenerate levels resulting
in net cancellations of transition dipoles. Only the 15%" lowest
excited state (out of singlets and triplets), at approximately 6.5 eV
(190 nm) above the ground state, boasts an appreciable oscillator
strength (Figure S1). In other words, while 1 is unlikely to persist
in the presence of trace amounts of NO,, the molecule does
appear to be quite photostable.

2.6 | Can Dinitroacetylene be Stabilized by
Reduction?

With the relative instability of 1 established, we look next to our
previously hypothesized route to stabilization by reduction. We
estimate in vacuo ionization potential (IP) and electron affinity
(EA) of 1 to 11.5 and 2.6 eV, respectively. The latter value is large
(60 kcal/mol) and nearly matches that of Buckminsterfullerene,
C¢o ! Dinitroacetylene is so electrophilic, in fact, that even the
double reduction is thermodynamically allowed in vacuum (by
0.5 eV or 12 kcal/mol). Our thermodynamic estimates for capture
of electrons solvated by acetonitrile are approximate (see methods
section for details) but indicate substantial spontaneity of 3.0 and

2.6 €V (69 and 58 kcal/mol), for the first and second reduction,
respectively. In other words, both the radical anion (1) and
dianion (1%) of 1, should be thermodynamically stable in solution
with respect to oxidation. However, as shown in Figure S6, 1>
is thermodynamically unstable with respect to (near barrierless)
heterolytic ejection of a nitrite anion and will not be considered
further.

The radical anion 1" will, of course, be highly reactive. We study
its structure and behavior in isolation in what follows for it can be
a first model for understanding how 1 might act as a coordinating
ligand (Figure 5). In contrast to 1, we predict the radical anion
(1) to be planar, with D,, symmetry in the gas phase and in
solution.

As we can expect from our frontier orbital analysis, the C—N
bonds in gas-phase 1" (1.348 A) are computed as shorter com-
pared to those in 1 (1.405 A). The C—C bonds are also lengthened
by reduction, to 1.219 A in 1" compared to 1197 A in 1. The
reduction is accompanied by a predicted marginal red shift in
the C—N and C—C vibrational frequencies of ~24 cm™ (Tables S2
and S3, ESI). We note that this slight decrease in C—N frequency
for the shorter C—N bond contradicts Badger’s rule. The lower
frequency is, however, reflected in the C—N bond dissociation
enthalpies in 1, which we predict to be AHy;,, = 21.4 kcal/mol
for the homolytic dissociation in solution (Figure 5), much lower
than that for 1 (AHy;, = 82.7 kcal/mol, Figure 3).

As we have emphasized, the radical anion of 1 is but a first model
approximation to studying the potential for stabilization through
reduction. Important steps towards the realization of such a
strategy have already been made by Vollhardt and coworkers,
who successfully synthesized nitroacetylene [18] adducts with
cobalt(0). We intend to return in future work to explore the use of
transition metal coordination to facilitate the stabilization of 1 in
practice.

3 | Conclusion

Dinitroacetylene (1) would, if made, carry an energy density
unparalleled in existing chemical explosives. Our quantum
chemical analysis has provided revised estimates for its heat
of formation, spontaneity, and barrier to decomposition. One
likely pathway for its decomposition under reaction conditions is
revealed to be NO,-catalyzed nitro-nitrite isomerization. Frontier
orbital rationales combined with an exceedingly high predicted
electron affinity for 1 are used to suggest reduction, possibly
through metal coordination, as a stabilizing mechanism. A look
at 1 indicates a C—N bond shortening as a result of reduction,
however, the associated bond dissociation enthalpy is lowered
compared to neutral 1.

The great oxidizing character of 1 coupled with its high reactivity
and low kinetic stability indicates that isolating 1 would be a
formidable experimental challenge. Our work, in concert with
that of Vollhardt et al., suggests that organometallic chemistry
may offer pathways for catching a glimpse of this elusive
molecule. However, if made, possible applications of the com-
pound will likely be limited to use as an energetic synthetic
intermediate.
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FIGURE 5 | Homolytic and heterolytic dissociation energies for 1" in kcal/mol. Relative Gibbs energies and enthalpies in kcal/mol are provided

for the gas phase in black. Predicted values in acetonitrile solution are provided in gray within brackets and are indicated by blue arrows and lines. Bond

lengths for the gas-phase structure are shown in Angstrom.
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FIGURE 6 | Thermodynamic cycle used for calculating relative free
energies in acetonitrile.

4 | Methodology

All calculations have been performed using Gaussian 16, revision
C.01 [19]. Modeling of 1 and its derivatives in the gas phase
have been performed using the composite CBS-QB3 method [20],
known to yield accurate energies for small organic molecules and
radical species [21]. The basis of CBS-QB3 is a coupled cluster
(CCSD(T)) calculation, which is extrapolated to the basis-set
limit using MP2 and MP4 energies and empirical corrections.
Geometries and thermodynamic corrections are in the CBS-QB3
method obtained at the B3LYP/6-311G(d,p) level of theory.

To estimate Gibbs free energies of reaction and activation in ace-
tonitrile (AGngN), we utilize a thermodynamic cycle outlined in
Figure 6.

In this approach, we correct our CBS-QB3 gas-phase energies
using solvation energies calculated separately using density func-
tional theory combined with the implicit SMD [22] model. The
solvation energy by CH;CN for a species A is defined as:

AGsolv (A) = GCH3CN (A) - Ggas—phase (A) ) (2)

where Geprsen(A) and Gy pnase(A) are total Gibbs free energies
estimated following geometry optimization and frequency anal-

ysis at the M06-2X [23]/aug-cc-pVTZ level of theory, with and
without SMD modeling of acetonitrile, respectively. Final relative
Gibbs free energies are provided for a1 M and 298 K standard state
and are calculated for a reaction step A — B as:

0 — 0
AGCH3 CN ™ AGgals—phase

(CBS - QB3) + AGsolv (B) - AGsc»lv (A)

©)
Reaction enthalpies in solution are estimated following Equa-
tion (3), but with A(}gas_phase replaced by AH‘g)as_phase.
Electron capture of 1 in acetonitrile solution is estimated by
Equation (3) combined with approximate solvation energy for the
electron by acetonitrile of —31.7 kcal/mol. This theoretical value
hasbeen derived from SMD+B3LYP/aug-cc-pVTZ calculations by
Markovié et al. [24].

AH,,, and AHg,, of 1 is estimated from the electrostatic sur-
face potential calculated at the B3PW91/6-31G(d) level using a
parametrized relationship [25] and the HS95 (version EAUHF)
program [26].

The 30 lowest singlet and triplet excitations are calculated for the
ground state geometry of 1 at the EOM-CCSD/aug-cc-pVTZ level
of theory [27].

Rocket performance calculations were performed with the RPA
software version 2.3.2, using a chamber pressure of 7 MPa and an
expansion area ratio of 70.
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